ABSTRACT Family members from four generations were found to have polycythemia and increased whole blood 02 affinity (P50; 11 mm Hg; normal, 27 mm Hg). No abnormal hemoglobin bands were seen after electrophoresis on starch gel at pH 8.6 or agar gel at pH 6.0. Analysis of the oxygenated hemolysate by isoelectric focusing on polyacrylamide gel revealed two closely spaced bands. When deoxygenated hemolysate was analyzed in oxygen-free gels, the two components were more widely separated. About 40% of the patient's hemoglobin focused at a more acid pH than hemoglobin A, indicating a hemoglobin variant with impaired Bohr effect. Chromatography of globin in 8 M urea revealed two p-chain peaks, the first of which was eluted at a lower buffer molarity than normal # chain. Fingerprints of tryptic digests of the aminoethylated chains were done on silica gel thin-layer plates. Tp 14 from the abnormal # chain had slower electrophoretic mobility and a greater R. value. Amino acid analyses of this peptide gave values identical with those of j#Tp 14, except that it contained one proline residue and no histidine. Since the one His in #Tp 14 is in position 143, hemoglobin Syracuse is a2PlBHis'PrO. Native Hb Syracuse could be separated from hemoglobin A on a carboxymethylcellulose column. The inclusion of 0.1 mM EDTA in the preparaDr. Jensen was a fellow of the Deutsche Forschungsgemeinshaft.
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Received for publication 3 September 1974 and in revised form 20 November 1974. tive buffers proved very useful in reducing the formation of methemoglobin. Oxygen equilibria of purified hemoglobin Syracuse showed high oxygen affinity (P5o value 12% that of hemoglobin A) and lack of cooperativity between subunits (Hill's n = 1.1). The alkaline Bohr effect was about half that of hemoglobin A. The proline substitution at #H21 disrupts the helical configuration and probably prevents the formation of salt bonds that are important in stabilizing the deoxy structure and contribute to the alkaline Bohr effect. Since 8143 His is a binding site for 2,3-diphosphoglycerate (2, , it is not surprising that hemoglobin Syracuse had markedly impaired reactivity with 2,3-DPG.
INTRODUCTION
After the discovery of hemoglobin Chesapeake in 1966 (1), 16 other human hemoglobin variants have been reported in association with familial erythrocytosis. Because these mutant hemoglobins have increased affinity for oxygen, the release of oxygen to tissues is impaired, and secondary erythrocytosis ensues. About one third of these variants are electrophoretically silent (2) (3) (4) (5) (6) . Accordingly, the diagnosis must be established by the demonstration of a "shift to the left" of the oxygen dissociation curve. In this report we describe a new highaffinity variant, hemoglobin Syracuse (a2#231" (21) HIx.>Pro), Routine hematologic examinations were performed on family members. Red cell 2,3,-DPG was measured by the method of Krimski (8) , as modified by Schr6ter and von Heyden (9) . Whole blood oxygen affinity was measured on fresh blood specimens by the mixing method of Edwards and Martin (10) .
Blood was collected in sterile tubes containing acid citrate dextrose and mailed in refrigerated containers. Hemolysates were prepared by lysis of washed erythrocytes with distilled water and toluene.
Hemoglobin electrophoresis was done in the following media and buffers: cellulose acetate (Tris-EDTA-borate, pH The hemoglobins were eluted in the cold room over a 120-h period with a linear gradient (starting buffer: 0.01 M phosphate, pH 6.95, 0.1 mM EDTA (1,000 ml); finishing buffer: 0.01 M phosphate pH 8.0 (1,000 ml). Hemoglobin-rich fractions were pooled, concentrated by pressure filtration, and then dialyzed against 0.1 M NaCl, 0.005 M Tris, pH 8.1, and 0.1 mM EDTA. Oxygen equilibria were determined spectrophotometrically as described previously (14, 15) on solutions containing 0.1 mM hemoglobin (tetramer), 0.1 M total chloride, 0.05 M bis-Tris, or Tris (pH [6] [7] [8] . The data were plotted on a double logarithmic scale according to the Hill equation: log (Yl(l-Y)) = n log Po2-n log P6o, where Y is the fractional saturation of hemoglobin with oxygen and P5o is the partial pressure of oxygen at which hemoglobin is half saturated, (Y = 0.5). The slope of this plot, n, is an index of cooperativity between hemoglobin subunits.
Solutions of 2,3-DPG were prepared and analyzed as described previously (14) . Methemoglobin was determined spectrophotometrically by the method of Evelyn and Mall-y (16) .
RESULTS
The oxygen affinity of the proband's blood was markedly increased: P60 was 11 mm Hg compared to a normal value of 27 mm Hg. Affected family members had normal levels of red cell 2,3-DPG. These results indicated the presence of a functionally abnormal hemoglobin.
Electrophoretic experiments. Conventional zone electrophoresis of the proband's hemolysate was performed on different media and at different pH values as described in the Methods section. In all cases, a single band was found, which had the same mobility as hemoglobin A.
In contrast, separation of the normal and variant hemoglobins could be achieved by isoelectric focusing on polyacrylamide gel. This high-resolution system has been very effective in analyzing proteins difficult to separate by other electrophoretic methods. For example, this system has proven very useful in separating deoxyhemoglobin from liganded hemoglobin (17) . If hemoglobin A is first deoxygenated and then treated with sufficient carbon monoxide to make it approximately 50% saturated before electrofocusing under anaerobic conditions, the purple deoxyhemoglobin band is clearly separated from the red carboxyhemoglobin band, with isoelectric points of 7.07 and 6.95, respectively (12) .
This result is a graphic demonstration of the alkaline Bohr effect, reflecting the fact that deoxyhemoglobin has a higher affinity for protons than the liganded forms of hemoglobin and therefore a higher isoelectric point. CaPAPSYracuse. Normally the hybrid comprises 50% of the total when a mixture of two hemoglobins of unlike charge are deoxygenated and analyzed as described above (12) . However, mixed hybrids between hemoglobin A and high-affinity variants are less stable in the deoxy form than a hybrid derived from two functionally normal hemoglobins (18) . This reflects the relative instability of the deoxy or "T" conformation of many of the high-affinity variants.
St r u c t u rat analysis. Carboxymethylcellulose-urea chromatography of the proband's globin gave the elution profile shown in Fig. 2 (bottom) . Two ,-chain peaks were obtained in approximately equal amounts. The abnormal chain was eluted before the normal one, at lower ionic strength. When peptide maps of tryptic digests of the normal and abnormal P chains are compared (Fig.  3) , it is evident that Tp XIV has changed its position in the latter, having a slower electrophorectic mobility and a higher Rr value. The amino acid composition of the aberrant peptide is shown in Table I . The relative amounts of amino acids in the analysis correspond closely to those expected in pA Tp XIV, except that histidine is missing and a proline residue is found instead. The only histidine in this peptide is at residue 143, at the COOH-terminal end of the H-helix. Thus hemoglobin Syracuse is P143 (H21) histidine-proline, corresponding to a transversion of adenine to cytosine in the RNA genetic code. Functional studies. Oxygen equilibria of phosphatefree hemolysates are shown in Fig. 4 (left) EDTA enhanced the stability of low concentrations of hemoglobin, we added 0.1 mM EDTA to the elution buffers. This resulted in a significant inhibition of autooxidation during the preparative isolation of hemoglobin Syracuse (see Fig. 7 below) . The final concentration of EDTA was 0.02 mM in solutions on which oxygen equilibria were measured. As shown in Table II Since 1143 (H21) histidine is known to be one of the residues responsible for the specific binding of 2,3-DPG to hemoglobin (7) , it was important to determine the effect of added 2,3-DPG to the oxygen affinity of hemoglobin Syracuse. As Fig. 6 shows, hemoglobin Syracuse had markedly impaired reactivity with 2,3-DPG. Fig. 7 compares the rates of auto-oxidation of hemoglobin Syracuse and A prepared from the same column. No EDTA was used in the purification of these specimens. Hemoglobin solutions (0.05 mM tetramer) were incubated in 0.1 M phosphate, pH 6.6, at 370C. In the absence of EDTA, hemoglobin A autooxidized about twice as rapidly as hemoglobin Syracuse. The addition of 0.1 mM EDTA slowed the rate of auto-oxidation of hemoglobin A considerably but had less effect on the rate of auto-oxidation of hemoglobin Syracuse. As Table  III shows, the rate of auto-oxidation of both hemoglobins was strongly pH-dependent, both in the absence and presence of EDTA.
DISCUSSION
The increased oxygen affinity in the proband's whole blood and phosphate-free hemolysate suggested that a hemoglobin variant was responsible for her erythrocytosis. However, routine electrophoretic techniques failed to reveal any abnormal bands. Isoelectric focusing on polyacrylamide gel was required for the demonstration of the variant hemoglobin. As Fig. 1 shows, the separation of hemoglobin Syracuse from hemoglobin A was further enhanced by analysis of the deoxygenated hemolysate under anaerobic conditions. The electrophoretic properties of the 16 "high-affinity" variants reported to date are summarized in Table IV . Seven of these can be separated from hemoglobin A by routine electrophoresis on starch gel or cellulose acetate at pH 8.6 . Three require agar gel electrophoresis at a low pH to demonstrate the abnormal variant. In two, hemoglobins Malm5
and Syracuse, neither of these techniques achieved a separation, but gel focusing was successful. This comparison indicates that all of these techniques should be applied before a variant can be considered to be "electrophoretically silent."
Recent advances in the understanding of structurefunction relationships in hemoglobin (32) (Fig.   5 ). In addition, the gel focusing patterns shown in Fig.  1 demonstrate that the increase in isoelectric point after deoxygenation is smaller in hemoglobin Syracuse than in hemoglobin A. By taking advantage of the abnormal functional properties of hemoglobin Syracuse, its separation from hemoglobin A was enhanced. This approach may prove useful in the study of other hemoglobins.
p143 histidine is not one of the residues that contribute directly to the alkaline Bohr effect (32, 33) . Thus, the decreased Bohr effect of hemoglobin Syracuse indicates conformational changes that go beyond the site of the amino acid substitution. Since proline is an imino rather than an amino acid, it cannot participate in an a helix (except as one of the three initial residues). Thus, the H helix in hemoglobin Syracuse terminates at the 20th residue rather than the 21st. As a result, the remaining part of the , chain including the COOHterminal histidine (8146) has an altered and perhaps less ordered spatial orientation. The imidazole group of ,8146 histidine is responsible for about half of the alkaline Bohr effect. In deoxyhemoglobin, an intrasubunit salt bond is formed between this positively charged group and the carboxyl group of P94 aspartic acid (32) . Upon oxygenation, this bond is broken and a proton is released. This interaction requires a precise stereochemical fit, which is probably hindered by the structural alteration in hemoglobin Syracuse. High oxygen affinity and decreased subunit cooperativity. The salt bridges at the COOH-terminal histidine residue of the P chain not only contribute to the alkaline Bohr effect (as mentioned above) but also help to stabilize the low-affinity (deoxy) quarternary structure of the hemoglobin molecule (32) . In addition, the deoxy structure is further stabilized by the insertion of the penultimate tyrosine residue (P145 and a140) into a pocket between the F and H helices of the same subunit. If these interactions are impaired by a conformational alteration at the COOH-terminal end of the P chain, the high affinity (oxy) structure would be favored, resulting in increased oxygen affinity. Likewise, if the allosteric equilibrium between the two structures is shifted towards the high-affinity form, cooperativity between subunits would be reduced, since this phenomenon depends on the transition from the deoxy to oxy structure, triggered by oxygenation of individual subunits. The 10-fold increase in oxygen affinity of hemoglobin Syracuse and decreased cooperativity between subunits (n = 1.1) are consistent with this interpretation.
Interaction with 2,3-DPG. P143 histidine is one of the residues responsible for the binding of 2,3-DPG to deoxyhemoglobin (7) . Since it is replaced by a nonpolar proline residue in hemoglobin Syracuse, it is not surprising that this variant has impaired interaction with 2,3-DPG (see Fig. 6 ). Hemoglobin F, which has an uncharged serine residue at this position, and hemoglobin Little Rock (aA2lI3HI -Gln) also have impaired binding with 2,3-DPG. However, unlike Syracuse, these two hemoglobins have normal subunit cooperativity and Bohr effect. The other variant reported to have a substitution at this site is hemoglobin Abruzzo (ag2/l43HIAr"g) (26) . It has an increased oxygen affinity but interacts strongly with 2,3-DPG. Perhaps the positively charged guanidinium group serves as an acceptable binding site for 2,3-DPG.
If a hemoglobin variant cannot form a stable deoxy quarternary structure, its interaction with 2,3-DPG will be impaired. This appears to be true for hemoglobin Bethesda (15) and hemoglobin Kempsey (18) . The amino acid substitutions in these two variants do not involve 2,3-DPG binding sites. Thus, the failure of hemoglobin Syracuse to interact with 2,3-DPG is likely due not only to lack of one of the specific binding sites, but also to the alterations in conformation discussed above.
Auto-oxidation of hemoglobin. When these studies were initiated, we found that during the lengthy period required for the separation of hemoglobin Syracuse and hemoglobin A there was some auto-oxidation. Even more methemoglobin formation occurred during the deoxvgenation of samples in the tonometers. The presence of 10-20% methemoglobin precluded any meaningful functional studies. The addition of EDTA to the column chromatography and dialysis buffers reduced the total formation of methemoglobin to less than 5%. As Fig. 7 shows, during the incubation of the column-purified hemoglobins at 370C, pH 6.6 (conditions known to favor autooxidation), the formation of methemoglobin A was greatly curtailed in the presence of EDTA. Hemoglobin Syracuse autooxidized less readily than hemoglobin A and this rate was only slightly lessened in the presence of EDTA.
Recently, studies by Rifkind (34) (2) Thus, hemoglobin can be oxidized by trace amounts of copper ion in catalytic fashion, particularly at low pH.
However, hemoglobin auto-oxidizes in the absence of free copper ion (12, Fig. 7 ). There is experimental evidence indicating that this reaction involves the generation of the superoxide anion (35):
Fe2(02)globin-* Fe'+globin + 02-
Recent experiments of Wallace, Maxwell, and Caughey (36) indicate that the superoxide anion is displaced from Fe`+ globin by anionic nucleophiles such as C1-. This reaction is also facilitated by protons (36) . We found that the auto-oxidation of both A and Syracuse hemoglobins was enhanced at low pH even in the presence of EDTA, which eliminates the contribution of reactions 1 and 2 to auto-oxidation (See Table III [34] ) to mutant or chemically modified hemoglobins that require prolonged periods for isolation. Only trace amounts are required, since these agents have very high binding affinities for divalent cations. As Table II shows, concentrations of EDTA ranging from 0.01 to 0.1 mM had no effect on the oxygen affinity of phosphate-free hemoglobin A. Furthermore, Rifkind showed that EDTA does not bind to hemoglobin (34) .
It would be of considerable interest to measure the rate of autooxidation of other hemoglobin variants having abnormal oxygen affinity. Hemoglobin Kansas has a low oxygen affinity (37) , an enhanced k4 (reaction 4) (38) and an increased rate of auto-oxidation (37) . In contrast, hemoglobin Chesapeake has a high oxygen affinity (1, 39) , normal k4 (39) and, like hemoglobin Syracuse, a decreased rate of auto-oxidation. ' 'Unpublished data. ' Bunn, H. F. Unpublished results.
